Abstract Thermal stress has a negative effect on the cognitive performance of military personnel and industry workers exposed to extreme environments. However, no studies have investigated the effects of environmental thermal stress on the cognitive functions of older adults. We carried out a controlled trial with 68 healthy older adults (mean age 73.3 years, 69 % female), each of whom has been assessed twice on the same day with selected tests from the Cambridge Neuropsychological Test Automated Battery (CANTAB). Repeated sessions were conducted with air temperatures set at 24°C and 32°C in a balanced order. Our primary analyses did not show significant differences when comparing the cognitive performance of the total sample under the two experimental temperatures. However, interaction analysis has shown that humidity levels modify the effect of temperature on cognitive outcomes. The subgroup exposed to relative humidity greater than the median value (57.8 %) presented worse cognitive performance in the heat session when compared to the control session. Reported exercising frequency explained individual vulnerability to heat stress. Volunteers with lower levels of physical activity (<4 times per week) were more likely to present worsened cognitive performance under heat stress. In a fully adjusted linear regression model, the performance under heat stress remained associated with relative humidity (β=−0.21; p=0.007) and frequency of exercising (β=0.18; p= 0.020). Our results indicate that heat stress may have detrimental effects on the cognitive functioning of some subgroups of older adults and under particular circumstances. Further research is needed for exploring a variety of potentially influential factors.
Introduction
The human body tends to maintain its core temperature within relatively narrow limits under a wide range of environmental temperatures (Wunderlich 1869). However, even when the core temperature is preserved, exposure to environmental temperatures above a certain comfortable zone may produce undesired effects in cognitive performance (Hancock et al. 2007) .
Differences in methodology and inconsistencies in results across studies make it difficult to determine under what specific environmental and physiological circumstances heat exposure adversely affects cognitive performance. It is generally agreed that the magnitude of the cognitive impairment resulting from heat stress is related to the intensity of the stressing condition and to the complexity of the tasks evaluated (Gaoua 2010) .
Most studies investigating the effects of thermal stress on cognitive performance have recruited young adults to ascertain how heat stress may affect abilities that are crucial for military personnel (Radakovic et al. 2007; Hocking et al. 2001 ) and industry workers exposed to extreme environments (Sun et al. 2013; Simmons et al. 2008; Gaoua 2010) . However, to the best of our knowledge, no studies have directly investigated the effects of hot environments on the cognitive functioning of older adults.
Population aging is an unprecedented worldwide phenomenon. The proportion of people 60 years and over was estimated to be 12 % of the world population in 2011 and it is expected to reach 22 % by 2050 (UNFPA and Help Age International 2012). Simultaneously, concerns about the impact of climate change have increased (Tong et al. 2008) . BEach of the last three decades has been successively warmer at the Earth's surface than any preceding decade since 1850 ( IPCC 2013) . This trend towards warmer climate worldwide raises concerns about the health of elderly populations, as aging leads to some changes of temperature control mechanisms.
Adaptive responses to heat such as cutaneous vasodilatation, sweating, and increase in cardiac output are progressively attenuated with aging (Holowatz and Kenney 2010; Inoue et al. 2004; Blatteis 2012; Minson et al. 1998) . In addition to diminished thermoregulatory mechanisms, normal aging is associated with subtle and progressive decline in some cognitive functions such as processing speed, complex attention, executive functions, working memory, learning, and episodic memory (Drag and Bieliauskas 2010) .
We have hypothesized that some cognitive functions of older adults can be affected by environmental temperatures that are being increasingly recorded in many regions of the world. Such effects would have significant impact in instrumental activities and quality of life of older populations, representing a potentially relevant issue in public health.
We have carried out a controlled trial to evaluate whether an environment with an air temperature set at 32°C would have detrimental effects on cognitive performance and to investigate which specific functions would be more sensitive to heat stress. Moreover, we tried to identify factors that would explain variations in susceptibility to heat stress.
Methods

Subjects
A convenience sample of volunteers was recruited between January and August 2013 from community and clinical settings. As required by eligibility criteria, participants were aged 60 years or older, had ability to speak fluent Portuguese, had at least 4 years of formal education, and presented general good health, with no neurological or psychiatric illness. Apart from that, the 15-item Geriatric Depression Scale (GDS-15; Yesavage et al. 1983 ) and the Mini-Mental State Examination (MMSE; Folstein et al. 1975) were used in the initial visit to screen for depression and cognitive impairment, respectively. None of the participants scored>5 on the GDS-15 or<24 on the MMSE.
Sixty nine subjects completed both trials at 24°C and 32°C. One subject was excluded because the mean temperature achieved in the heat trial was considerably below the target (30.7°C for a target of 32°C). Thus, our final sample consisted of 68 older volunteers with generally good health, 69.1 % of whom were female. The mean age of the studied sample was 73.3 years (±6.6), ranging from 61 to 88 years. Regarding ethnicity, 79.4 % were Caucasian, 17.6 % were Asian, and 2.9 % were African American. The average years of formal schooling was 11.5 (±3.8). The mean MMSE score was 28.3 (±1.6). Most of the subjects (64.7 %) were physically active, i.e., exercised at least twice a week. Mean body surface area was 1.70 m 2 (±0.14) and mean body mass index was 25.19 kg/m 2 (±2.65). The study protocol was approved by the Research Ethics Committee of the Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo. All participants were given a full explanation of the study procedures and provided written informed consent.
General procedure
In a preliminary stage, all volunteers were requested to undergo a clinical evaluation and collection of sociodemographic data. On the same day, a training session was performed to make subjects familiar with the neuropsychological tests and adapt them to use the computer. Furthermore, the training session has been used to decrease practice effects, as improvements between two successive administrations tend to decrease with repetitions and the acquisition of performance strategies occurs mainly on the first trial (Falleti et al. 2006) . Results of the training sessions were not analyzed in the present study. The mean time between the training session and the actual study procedures was 7.9 (±3.3) days.
Participants were assigned to complete the cognitive battery on the first session at 24°C (control) or 32°C (heat). Those who initiated the study at 24°C were subsequently tested at 32°C and vice versa. Assignment to initiate the protocol at 24 or 32°C was based on a computer-generated allocation sequence in a 1:1 proportion. The allocation sequence has been prepared in advance and was not concealed from the researchers enrolling and evaluating patients.
Environments with air temperature of 24°C are generally considered comfortable for light activity (Campbell and Norman 1998; ISO 9241) . The temperature of the heat trial (32°C) was chosen to represent indoor environments that can be encountered in the summer of most urban areas of the world (Nedel et al. 2009; Mavrogianni et al. 2012) .
Upon arrival, volunteers rested seated for 30 minutes in a waiting room at 24°C. This procedure was carried out to minimize potential effects of the outdoor temperature. In this period, they mainly read magazines and had informal chats with the researcher. The same procedure was conducted between the first and the second session.
Both sessions were carried out on the same day, always in the morning. All the subjects rested again in a seated position, now in the test room, at the experimental temperature for an exposure period of 20 minutes before starting the neuropsychological battery. Volunteers wore their own clothes. During the whole course of testing procedures, they were not allowed to put on or take off any piece of clothing, so they were wearing the same outfit in both sessions.
A 9.5 m 3 test room had its temperature controlled by two 30,000 BTUs air conditioners both of which equipped with automatic control of temperature, but not of humidity. The environment temperature and relative humidity (RH) were recorded every 60 seconds by an automated thermohygrometer (Data Logger Perceptec DHT-2260) and the representative measures for each session were obtained by arithmetic means. In order to generate a standardized measure of thermal sensation, the mean effective temperature (ET) of each session was calculated by using the formula proposed by Missenard (1933) 
In the control trial the mean temperature and relative humidity were 23.8°C (±0.22) and 72.5 % (±11.62) respectively. In the heat trial the mean temperature was 32.1°C (±0.30) and the mean relative humidity was 57.4 % (±11.13). The mean effective temperature was 22.3°C (±0.53) in the control and 28.3°C (±0.92) in the heat sessions.
Before and after each session we obtained measures of axillary temperature (AT), tympanic temperature (TT), blood pressure (BP), heart rate (HR), and body mass (BM). At the end of each session, volunteers were requested to answer the following question: BRegarding the temperature, do you consider the environment comfortable or uncomfortable?^The total time to complete the entire procedure, including both testing sessions, was about 3 hours.
Cognitive testing
Selected tests from the Cambridge Neuropsychological Test Automated Battery (CANTAB) Eclipse Version 3.0 were administered using a Windows-based computer with a touch sensitive screen and a press pad supplied by the company Cambridge Cognition Ltd, Bottisham, Cambridge, UK. The CANTAB consists of over 20 tests that can be combined to create customizable batteries. Tests employ language-independent abstract stimuli, require non-verbal responses, and thus are deemed to be culturally independent. CANTAB has been validated and cited in more than 600 peer-reviewed articles, including studies with older adults (Lowe and Rabbitt 1998; Jager et al. 2002) .
Five tests from the CANTAB were administered to measure different aspects of cognitive functioning while focusing on memory, attention and processing speed. The Spatial Span (SSP) is a computerized version of the Corsi Blocks used to assess working memory. Squares change color in a variable sequence and the participant must touch them in the same order. The PairedAssociates Learning (PAL) is a learning and episodic memory task. The subject is presented different shapes within eight boxes differently located on the screen. The shapes are then displayed in the middle of the screen, one at a time, and the participant must touch the box where the pattern was originally located. The Pattern Recognition Memory (PRM) is a recognition memory task which uses a two-choice forced discrimination paradigm. Subjects are presented with a series of visual patterns, one at a time. In the recognition phase, they are requested to choose between a pattern they have already seen and a novel pattern. The Reaction Time (RTI) assesses motor and mental speeds. The task has five stages which require increasingly complex chains of responses as soon as a yellow dot appears. The Rapid Visual Information Processing (RVP) is a measure of sustained attention. Digits appear in a pseudo-random order at the rate of 40 digits per minute. Participants are requested to detect target sequences of digits (e.g., 2-4-6, 3-5-7) and to register their occurrence using the press pad.
The tests were administered by the same trained professional (BMT) in accordance with the instruction manual. To ensure compliance with test instructions, we have used a written instruction manual during all sessions. The tests were completed in a variable preplanned order to counterbalance differential effects that might be caused by the rising of body temperatures throughout the session. Completion time of the entire test battery was approximately 50 minutes. CANTAB can report many outcome measures for each test, describing different aspects of each function. We have chosen to use measures deemed the most representative of the corresponding functions and those that convey overall performance scores.
Statistical analysis
Visual inspection of Q-Q plots was used to confirm normality and potential outliers were screened using Tukey's criteria for far-out values. Primary analyses were carried out by comparing parameters of cognitive performance under the two experimental temperatures. Due to the fact that variables generally met reasonable assumptions for normality and no significant outliers were detected, paired t-tests were performed to compare interval data between the two sessions.
In order to develop composite scores for domains, raw data from ten selected outcomes (two from each test) were transformed using the Box-Cox technique to improve distribution patterns. Z-scores were obtained using the mean of the total sample as the reference and composite scores were calculated by arithmetic means.
Composite scores were then scaled so that the average performance was assigned 100 and the standard deviation was established at 15. Tests in which lower scores indicate better performance had the signs reversed so that, in all the derived measures, higher scores indicate better performance. The global composite score was obtained by the same methods, but in this case, we have used only one measure from each of the 5 tests, defined a priori as those which best represent the cognitive function evaluated: PAL total number of errors adjusted, PRM number of correct, RTI five-choice reaction time, RVP A' and SSP longest span length.
We have carried out interaction analyses using repeated measures analysis of variance (ANOVA) in order to check whether the effect of temperature on cognition, assessed by the global composite score, was modified by demographic characteristics (age, gender, education, race), frequency of physical activity or relative humidity registered during the heat protocol. For the interaction analyses interval variables were stratified into two levels using the median value.
A multiple linear regression model has been fitted to identify independent variables that would explain susceptibility to heat stress. In this model, the dependent variable was the global cognitive score at 32°C. Independent variables entered simultaneously into the model were age, gender, education, race, relative humidity, and exercise frequency. Adjustment covariates were cognitive performance at 24°C and order of the testing sessions.
Since the regression model has included correlated variables, we have investigated multicollinearity by assessing the variance inflation factor (VIF). Linearity assumptions of the adjusted model were checked for each continuous predictor with component-plusresidual plots. The adjusted coefficient of determination has been used to assess the goodness-of-fit of the model.
The sample size was calculated based on the parameters reported by Hancock et al. (2007) , who carried out a meta-analysis to evaluate differences in cognitive performance under thermal stress and comfort temperatures in younger populations. In that meta-analysis, the overall effect size of thermal stress on cognitive performance was about one third of a standard deviation (Cohen's d= 0.34). Using a two-tailed t-test for matched samples and assuming an alpha error of 5 %, we have calculated that a sample with 68 participants would have an 80 % power for detecting differences with effect sizes of 0.34 between the two assessments.
Analyses were performed by using the software Stata version 13.1 (StataCorp, College Station, TX). All statistical tests were two-tailed and an alpha level of less than 0.05 was used to indicate statistical significance.
Results
Tympanic and axillary temperatures were unchanged after the control trial, but increased significantly after the heat trial, with differences of 0.55°C and 0.43°C respectively (both with p<0.001). Heart rate decreased after the control trial and, conversely, increased after the heat trial. No significant changes in body weight were detected (Table 1) .
Answers to the question regarding thermal comfort were obtained from 46 volunteers, among whom 11 (23.9 %) considered the control environment uncomfortable and 30 (65.2 %) considered the heated environment uncomfortable.
We have not found significant differences for any individual measures or composite scores when comparing cognitive performance under the two experimental temperatures (Table 2) .
In interaction analyses, the effects of heat exposure on cognitive performance were not modified by age (p= 0.684), gender (p=0.179), education (p=0.053), race (p=0.735) or subjective perception of comfort (p= 0.893).
Reliable measures of relative humidity were obtained for 65 subjects. Humidity levels significantly modified the effect of temperature on the global composite score (p=0.002; Fig. 1) . Indeed, the subgroup of 32 subjects exposed to humidity greater than the median value (57.8 %) presented worse cognitive performance under heat stress on the global composite score, as well as on the PAL, SSP, and RTI composite scores (Table 3) . No significant differences were observed on the subgroup of 33 subjects exposed to humidity lower than the median value (data not shown).
Information about exercising was obtained from 63 volunteers, 42.9 % of whom reported a frequency of four or more times a week, 27.0 % between two and three, 9.5 % once a week, and 20.6 % were completely sedentary. The frequency of exercising has also modified the effect of temperature on the global composite score (p=0.014). Accordingly, the subgroup of 36 volunteers with lower levels of physical activity (<4 times per week) presented worse cognitive performance under heat stress on the RVP, with a corresponding trend on the global score, PRM, and SSP composite scores (Table 3) . No significant differences were observed on the subgroup of volunteers who exercised four or more times a week (data not shown).
In a fully adjusted linear regression model, the cognitive performance under heat stress was negatively associated with relative humidity, with a β of −0.21 (p=0.007). This means that, with all other variables held constant, a one-standard deviation (SD) increase in relative humidity is associated with a 0.21 SD decrease on the global cognitive score. Among the participants characteristics, the only associated predictor was the frequency of exercise (β=0.18; p=0.020). This means that, under heat stress, physically active individuals presented a mean global cognitive score 0.18 SD higher when compared to inactive individuals (Table 4) .
The maximum VIF was 1.30 and mean VIF was 1.23, indicating that multicollinearity was not a problem. Linearity assumptions were met for all independent variables. The adjusted coefficient of determination was 0.74, indicating appropriate fit of the model to the data. Fig. 1 Adjusted predictions using humidity and exercise frequency as factors that modulate the effect of heat stress on cognitive performance
Discussion
To our knowledge, this is the first study designed to investigate the effects of environmental heat exposure on the cognitive performance of older adults. Global results of the primary analysis have shown that, even for more demanding tasks, healthy older individuals managed to maintain cognitive performance preserved at 32°C. Although we observed a trend for worse performance at 32°C when compared to 24°C in most measures, no statistically significant differences were encountered. A post hoc analysis was conducted based on a paired t-test for detecting differences in the global score with 80 % power. If the differences encountered between 24 and 32°C were maintained (Cohen's d= 0.09), a sample of 425 participants would be required for the comparison to reach statistical significance. The practical implications of such a small effect size would be questionable. Some features of the sample and of the experimental methods may explain the results. First, the temperature to which volunteers were exposed in the heat trial was lower than that used in preceding studies with younger adults, some of which reached 50°C (Racinais et al. 2008; Gaoua et al. 2012 ). In our study, the heat trial temperature (32°C) was chosen to represent a typical summer day compatible with the weather in most urban areas of the world, rather than extreme temperatures observed in particular circumstances and places. Another feature that may have influenced our results was the physical fitness of the participants. About twothirds of the volunteers practiced physical exercises at least twice a week. It has been hypothesized that part of the age-related limitations in thermoregulation is due to decline in maximal oxygen uptake (VO 2 max), so that elderly people with good physical fitness could be able to keep their thermoregulation capacity similar to that of a younger adult (Kenney and Munce 2003) . Although we have not obtained specific measures of aerobic capacity, we could observe that the effect of heat on cognition was modified by reported exercise frequency, with less active participants being more vulnerable to the effects of heat, particularly on sustained attention. That association was further confirmed in a fully adjusted regression model.
Even though our study did not control for humidity, we have adequately registered this variable and were able to detect an important interaction effect. The subgroup exposed to greater air humidity has suffered deleterious effects of heat on cognitive performance, particularly on memory and psychomotor speed. Relative air humidity influences the thermal sensation and thermoregulation capacity. Evaporation of perspiration depends on the pressure gradient between the skin surface and air humidity (vapor partial pressure). The higher the relative humidity, the lower the heat transfer by perspiration evaporation. Therefore, hot and humid environments impose greater thermal strain by declining evaporative heat losses (Moyen et al. 2014) .
We hypothesized that heat would cause a greater cognitive deterioration in subjects with lower levels education, a marker of cognitive reserve. The concept of cognitive reserve was originally proposed to explain discrepancies between the degree of brain pathology and cognitive outcomes (Stern 2002) . Recently, this concept has been extrapolated to the context of transient insults, such as those observed in delirium (Jones et al. 2010) . However, our findings did not confirm such hypothesis. Education did not modify the effects of heat exposure on cognitive performance and it has not been a significant predictor of susceptibility to heat stress. That issue needs to be further investigated with more specific markers of cognitive reserve.
A non-negligible proportion of the participants (34.8 %) has considered 32°C a comfortable temperature. It has been proposed that the effect of thermal stimuli on cognition could be mediated by the unpleasant sensation that they can cause (Gaoua 2010) . Aging seems to be associated with a decreased thermal sensitivity and the absence of thermal discomfort could have influenced the results (Guergova and Dufour 2011) . In fact, thermal sensitivity did not modulate the association between thermal stress and cognitive performance, with a P value of 0.89 for interaction.
Previous studies have suggested that cognitive impairment resulting from heat exposure depends on task complexity (Gaoua 2010; Gaoua et al. 2011; Pilcher et al. 2002) , with tasks that place lower demands on integrative processing showing less decrement during heat exposure than more demanding tasks. According to that rationale, low-complexity tasks such as reaction time (RTI) and those relatively passive such as recognition memory (PRM) would be expected to be relatively unaffected by heat exposure. In contrast, more complex tasks such as learning and episodic memory (PAL), working memory (SSP), and sustained attention (RVP) would be the most affected by heat exposure. Nevertheless, in this study we have not observed any trends to confirm that hypothesis.
Some methodological limitations are noteworthy. First, although the sample was larger than most previous studies, it may not have been large enough to demonstrate differences in performance with small effect sizes. Second, humidity was not controlled and varied greatly between the experiments, causing a potential loss of statistical power. Third, although we have implemented a 30-minute interval between the two sessions and a 20-minute period of exposure before testing, it is not possible to assure that the effect of the temperature of the first session was completely vanished at the beginning of the second session. Some important strengths should also be noted. Temperature was tightly controlled, the order of exposures was balanced, and the neuropsychological assessment was based on well-standardized tests chosen to evaluate a variety of cognitive functions.
In conclusion, a general sample of healthy elderly managed to maintain a relatively preserved cognitive performance when exposed to an environment with the air temperature set at 32°C.However, we have found some significant influential factors. Namely, humidity levels modified the effect of temperature on cognitive outcomes and reported exercising frequency explained individual vulnerability to heat stress. Results of these secondary analyses must be confirmed in future studies with controlled air humidity and more accurate assessments of physical fitness and aerobic capacity. Our findings indicate the necessity for further research on a variety of potentially influential factors. 
